Based on the analysis of rectangular periodic structures, the resonance frequency band is found to be shifted and broadened from low frequency to high frequency by adjustment of the corresponding structure size. Computer simulation shows that a miniature split-ring resonator can enhance and broaden resonance frequency without changing the stop-band location. According to the theoretical parameters, different experimental samples can be fabricated. The experimental results are generally the same as those predicted theoretically. A comparison of the experimental and theoretical results concluded that a miniature periodic structure broadened the frequency of the stop band and enhanced the resonance frequency, which are important for the study of left-handed materials.
Introduction
In 1968 Veselago first put forward the concept of left-handed materials and showed some abnormal properties of these materials, such as negative refraction and a reverse Doppler effect [1] . Because such materials never exist naturally, the new idea did not attract much attention for many years. In 2001 Shelby et al.demonstrated the negative refractive phenomena with composite periodic structures in the laboratory [2] . Since then, much more interest has been focused on these materials, especially because of their application in high-directing antenna and superlenses [3] [4] [5] [6] [7] [8] [9] . A frequently used method to realize the negative refractive index is to composite split-ring resonators (SRRs) and metal wires. The SRRs are used to generate negative permeability; the metal wires are used to produce negative permittivity [5, [10] [11] [12] [13] .
At present, an important research direction is how to shift the resonance frequency from low to high, even to the visible light band. It is well known that both periodic structures and substrates influence the resonance frequency, but the former are more important. Many parameters of periodic structures significantly affect the resonance frequency, including their shapes and sizes.
Here we use rectangular periodic structures as an example to study how miniature periodic structures affect the resonance frequency band. The resonance frequency equations of rectangular periodic structures are obtained theoretically in Section 2. Based on the equations, two sets of parameters of the rectangular periodic structures are given. Simulation of SRRs is presented in Section 3, and the prediction is experimentally confirmed in Section 4. Our conclusions are presented in Section 5.
Theoretical Model and Its Approximation
First, as shown in Fig. 1 , the rectangular SRR system is used as an example. It is easy to obtain inductance L of rectangular SRRs:
The capacitance of rectangular SRR systems is
It is easy to obtain the magnetic resonance frequency and magnetic plasma frequency,
where
a 2 and r is the radius of metal wires. From Eqs. (1)- (3) it is seen that the resonance frequency can be shifted by changing the parameters of periodic structures. If one wants to broaden the resonance frequency band, the periodic structures need to be reduced in size. That is to say, miniature periodic structures can greatly enhance the resonance frequency, which suggests an important research direction for left-handed materials. But one thing must be taken into account. Although the periodic structures are in miniature, sometimes the resonance frequency still does not change. The C-shaped periodic structures shown in Fig. 2 are examples of such a case.
According to the Pendry et al. theory [12, 13] , when the following conditions are met, i.e., r ≫ c, r ≫ d, l < r, and Inc=d ≫ π, the resonance frequency equations for C-shaped particles can only be reduced to
where γ is the dissipation factor. From Eqs. (4)- (6), we can see that the resonance frequency band is in the interval of ½ω m0 ; ω mp , in which the permeability is negative. When ½ω e0 ; ω ep are taken into account, the frequency interval of the negative refractive index can be obtained, which suggests how to achieve miniature periodic structures at a given frequency. For example, it is assumed that a ¼ 1 cm,
2 cm, and ω m0 ¼ 2π × 13:5 GHz. As shown by Eqs. (1)- (3), if the ratio of c and d does not change, the negative frequency band does not change no matter how much c and d change. The changes in ratio between c and d can compensate for the effect that is due to the change in l, and this can also maintain an unchanged frequency band. Parameter a has no direct influence on the resonance frequency band except for the condition λ ≫ a. Therefore, one can maintain the resonance frequency band by adjusting the size of periodic structures.
Simulation of Rectangular Split-Ring Resonators
Rectangular SRR periodic structures are simulated to determine how the size of SRRs affects the resonance frequency. As shown in Fig. 3 , two kinds of SRR are simulated. For comparison, our simulation of a closed SRR (CSRR) was also carried out to ensure the generation of negative permeability. Our simulation uses the CST (Computer Simulation Technology) Microwave Studio (Sonnet Software, North Syracuse, New York), and all the samples are made of Fiberglass FR4 with a printed circuit board (PCB) for the substrate. The copper lines are covered on one side of the plank; the other side is covered by rectangular SRRs arranged periodically in the sample. The parameters of the simulation are listed in Table 1 . A model of rectangular SRR spatial structures is shown in Fig. 4 . Microwaves propagate parallel to the SRR plane, and the S21 curves obtained are shown in Fig. 5 .
The S21 vertical axis represents the energy pass rate. A comparison of Fig. 5(a) with Fig. 5(c) clearly shows that the stop band is 12.5-15 GHz, which does not exist in Fig. 5(c) , and suggests that the absorption peak results from negative permeability. The stop bands greater than 30 GHz appear in both curves, which demonstrates that the stop bands of a SRR medium cannot be automatically attributed to negative μ behavior. Some of the observed gaps could also originate from the electrical response of the SRRs or from Bragg gaps that are due to periodicity [5] . The reason the stop band of the CSRRs does not appear like the SRRs is that it does not generate negative permeability. The stop band in Fig. 5(b) is 12-16 GHz. The miniature periodic structure enhanced and broadened the frequency of the stop band.
Experimental Results of Negative Refractive Index
As discussed above, the miniature periodic structures not only enhance the resonance frequency but they also keep the location of the stop band unchanged. The theoretical results are confirmed by fabrication of corresponding samples and experiment. According to theoretical expectations, two kinds of rectangular SRR of different sizes (shown in Fig. 3) are considered, the theoretical frequency bands are obtained with Eqs. (1)-(3) . Corresponding experimental samples are fabricated to confirm the relationship predicted theoretically. The experimental setup and experimental samples are shown in Fig. 6 . For the sizes shown in Fig. 3(a) , the magnetic resonance frequency and magnetic plasma frequency are
For the miniature periodic structures in Fig. 3(b) , we have magnetic resonance frequency and magnetic plasma frequency: 
The frequencies used in the experiment are set from 7 to 15 GHz. As shown in Fig. 6(c) , a detector is installed to intercept the outgoing wave in both positive and negative angles and a microwave absorber is used to absorb redundant waves. The corresponding experimental results are shown in Fig. 7 , where brightness represents signal intensity. When the electromagnetic waves appear in the area of positive angles, normal refraction disappears; the area of negative angles has negative refraction. The stop band in Fig. 7(a) is 11-12 GHz, and the stop band in Fig. 7 (b) is 12-13.2 GHz, the same as the simulated conclusion in Fig. 5 ; the miniature periodic structure broadened the frequency of the stop band and enhanced it. Figure 7 clearly shows that the resonance frequency band is broadened and shifted to high frequencies, which is consistent with our expectations. At present, how to extend the resonance frequency band of left-handed materials is a popular research topic . We have proposed a useful method, confirmed by both theoretical analysis and experimental testing. According to the study, if miniature periodic structures approach the nanometer level, the resonance frequency band is expected to reach the visible light band, which is of great significance in the study of left-handed materials. When left-handed materials are put into actual use, the two aspects we discussed are both important. In most cases, the resonance frequency usually needs to be improved, and miniature periodic structures can be fabricated to enhance the resonance frequency. In some cases, however, one can also use miniature periodic structures without a change in the resonance frequency.
Conclusions

